This paper is to study the properties of phase-change material of GeSbSn used in blue-ray disks and high-speed DVDs, especially on different ratio between Sb and Sn, as well as their crystallization rate, through a series of optical, thermal, and dynamic testings. For GeSbSn material system, there are two exothmal peaks under a condition of high Sn content in the material. For our four samples of GSS01-GSS04, the smaller the ratio of Sb/Sn, the lower the temperature of first exothermal peak. It means that the write-in power of high-speed DVD disk can be decrease. However, the thermal stability due to the activation energy of crystallization increases with the Sb/Sn ratio. By optical measurements for these samples, the optical contrast is greater than 0.6 at a wavelength of 650 nm and that than 0.5 at a length of 405 nm. All of them are meet the requirements of 4X speed DVD. In dynamic test, the modulation of readout signal for GSS01-GSS02 decresses below 0.5 as the ratio of Sb/Sn becomes lower, while the jitter at 14T for GSS04 is over 12% as the ratio of Sb/Sn is too high be used. Consequently, only GSS03 (Ge 14 Sb 64 Sn 22 (at%)) can be used in 4-12X speed DVD-RW or 1-3 X speed blue-ray disk.
Introduction
There are three specifications to DVD phase-change disks as DVD-RW, DVD+RW and DVD-RAM. Their recording capacity is 4.7 GB. All of them are recording by using phasechange recording medium that is written in or erased, by exploiting the difference between crystallization and noncrystallization before and after laser heating, a higher crystallization speed corresponding to faster erasure, and therefore, a different recording speed. A suitable crystallization temperature and activation may enable data to be written in, such that the quality of the crystallized phase-change recording medium becomes important. The phase-change recording medium that is applied presently has three formsIn-Ag-Sb-Te, In-Ge-Sb-Te and Ge-Sb-Te-Sn. The processing technology and materials of the 4.7 GB phase-change disk have advanced such that major foreign manufacturers are developing the next generation of disks. These are highdensity blue ray disks and high-speed DVDs. The new phase change disk takes less time to write-in and erase. The development of a recording medium with a high rate of crystallization is important to producing next-generation phase-change DVDs. L. van Pieterson, et al. ''Prospects for doped Sb-Te phase-change material for high-speed recording'' in 2003. 1) The recording speed of such material can reach 1-4.8X. Their studies demonstrate that varying the Sb/Te ratio may help to increase the rate of crystallization. The ratio of In to Ge affects the properties and stability of the material. Hitachi Maxell, Makoto Miyamota, et al. reported ''Prospects for doped Sb-Te phase-change material for highspeed recording'' in 2002; 2) the recording speed of the Ge-SnSb-Te series of phase-change media was increased to 5X and it had been written at two current speeds. TDK Hiroshi Shingai, et al. reported on 6X BD blue-ray recording material, (SbTeGe) 88:3 Tb 11:7 in 2003. 3) This material could transmit the data at high speed at a data rate of about 216 Mbps. Noritake Ohmachi, et al. reported blue-ray Ge-TeSb2Te3+Bi material and examined the Bi-substituted GeTerich pseudo-binary film, in which increasing the optical contrast between crystallization and non-crystallization may promote the modulations. 4) Bi may greatly accelerate the crystallization, enhancing the ''erase ratio''. A suitable thermal complementary layer is used in the 30 GB doublelayer HD-DVD-RW.
5) The Ricoh Company 6) in 2003 presented the Sb-Te eutectic material and experimental findings concerning Sb in high-speed phase-change materials. They used X-rays to analyze various material structures; Sb 78 Te 22 is a quasi-deformed NaCl structure, like the Sb powder, have a hexagonal structure. Therefore, the phasechange medium is worthy of thorough study. In this study, we examine GeSbSn as a recording material to elucidate the relationship between the Sb/Sn ratio and the rate of crystallization by performing optical, thermal, and dynamic performance tests. The applicability of the medium to blueray disks and high-speed DVDs is also examined.
Experimentals
The GeSbSn phase-change target based on the Sb/Sn ratio is used to deposite the non-crystalline film. The reflectance of the multi-layer disc is computed with the optical admittance technique to choose the optimized thickness for each layer. The laser power is focused and transmitted as far as possible into the recording medium, such that its reflectance can meet the requirement of the disc driver, before focusing and tracking. The optical constants n and k of the crystallized and non-crystallized films can be obtained by the ellipsometer and the film thickness can be measured with the -step. To analyze the thermal characteristics film was scraped into powder from the substrate and measured with the differential scanning calorimeter (DSC) technique to obtain the crystallization curve. In addition, the whole disk of seven layers must be prepared for dynamic testing to obtain the data such as the carrier-to-noise ratio (CNR), the erase ratio, the write power, the modulation of readout signal, and the jitter.
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Results and Discussion
In this experiment, the cross-section view of phase-change optical disc for our samples of GSS01-GSS04, is shown in Table 1 . There are four targets in our sputter presents the components of the four phase-change recording materials used in this experiment in Table 2 . Each target is used to perform pre-sputtering; eliminate impurities from the surface of the target. A non-crystallized recording layer about 1 mm was deposited on the Poly-carbonate (PC) substrate. To measure the optical constants n and k with the ellipsometer, the non-crystallized recording layer need to be depositd on the cleaning silicon substrate. Then, a high temperature furnace was used to anneal the non-crystallized recording layer. In Ar background, the annealing temperature must be adjusted to that between the melting point and the crysallization temperature of the layer.
Crystallization Temperature and Measurement of
Activation Energy Differential scanning calorimeter (DSC) was used to measure the crystallization of temperature of the alloy and the crystallization activation energy. During heating in DSC measurement, if the lower thermocouple detects a temperature difference between the plates, then the sample has undergone a phase change, and the heater will immediately provide supplementary the heat energy to maintain equal temperatures. The variation in volume of the thermal currents is plotted against temperature or time to determine response of the sample at various temperatures. The endothermic reactions of glass transformation, fusion, vaporization, sublimation and reduction, and the exothermic reactions of crystallization, oxidization, combination and dissolution are considered.
Initially, the blank PC substrate of the target sample to be tested is plated with a non-crystallized film by sputtering; then, a clean blade is used to scrape carefully the sample plated on the substrate, which is weighed on a high-precision e-scale. The sample is placed on the sample plate, which is made of aluminum. The empty plate is placed on one side of the DSC cell, and the other, the sample plate, is used to plot a curve of difference between thermal currents as a function of temperature, at an appropriate heating rate over a range of temperatures of interest. The temperature that corresponds to the point of intersection between the tangent and the baseline of the exothermic peak in the curves is the crystallization temperature. The rate of heating is 10 C/min, measured from the temperature of crystallization in this experiment. Table 3 shows the crystallization temperature of various recording layer materials. The data show that an increase in Sb/Sn ratio may increase the crystallization temperature; the crystallization temperature of GSS01 is 150 C while those of GSS03 and GSS04 are 237 C and 220 C, indicating that the systematic stability of the phase-change material of the GeSbSn may increase with the Sb/Sn ratio.
The measurement method is identical to that of the crystallization temperature, but several curves at various heating speeds were measured, at 5, 10, 20, 40 ( C/min); each heating rate may yield a corresponding temperature. The reaction is fastest at ''T p '' which temperature corresponds to the exothermal peak. The relationship between the heating speed and T p support the use of Kissinger's method to determine the activation energy of the sample. Figures 1 to 4 plot various DSC curves plotted at various heating rates, measured various targets; during heating, GeSbSn phasechage material may have two crystallized exothermal peaks, indicating that this material includes two crystalline phases with different temperatures. Following measurement, the melting point of the GeSbSn phase-change material is about 400 C. According to this study, a decline in the Sb/Sn ratio may reduce the written-in power of the high-speed disc. Figures 5 to 8 present Kissinger's plots of plated films with various compositions, whose linear slopes yield activation energies of crystallization. The crystallized activation energy, Ea ¼ 1:85$4:79 eV in the series of GeSbSn in this study shows that as the Sb/Sn ratio is increased, the activation energy is also increased, increasing the thermal stability of the material.
Assessment of Crystallized Speed (experimental initialization)
The crystallization rate of the phase-change material determines whether a phase-change material is used to a high-speed write and erase disc. For DVD-RW, as an example, the fourfold speed disc write-in and erase-off requires a crystallization rate of about 45 ns, but the DVD disc with an 8-fold speed, must be crystallized at less than 22.5 ns. The common procedure for measuring the rate of crystallization is to perform static and dynamic tests, but an easier method is proposed, which uses the initialized machine to evaluate the rate of crystallization of the material. For example, the initialized machine used in this study has a rotational speed of 1$14 m/s, and an initial power of 200$1800 mW with laser dimensions of 48 mm Â 1 mm. Each phase-change recording-layer material can be plated on the film layer of an integral disc, but the substrate used is a slab. The reflectivity R a (with a normal wavelength of 650 nm) is measured under initial plate conditions of non-crystallization. In the next step, the rotational speed and initiative power are changed the machine. Then, the integral disk is initialized, and the reflectivity rate R measured under various initial conditions to determine the degree of crystallization with an optical microscope, to yield the reflectivity rate R c of the total crystallization. The thickness of the recording layer is about 12 nm. The measured reflectivity rate is hypothesized to be the sum of the partial non-crystallized reflectivity rate and the crystallized reflectivity rate; R ¼ ð1 À ÞR a þ R c ð: the degree of crystallizationÞ:
Therefore, the range of crystallization speeds was determined by the degree of crystallization at the initial speeds of rotation. The initial experiment isperformed to use the rate of reflectance to evaluate the rates of crystallization of various recording materials ( ¼ ðR À R a Þ=ðR c À R a Þ, where is the crystallized weight; R is the reflectance after initiation; R a is the rate of reflectivity after initiation, and reflectance. Figures 9-12 show diagrams of the relationships between the crystallized weight and the initial conditions for GSS01$ GSS04. The rate of crystallization by the GeSbSn series of materials exceeds that of the fourfold-speed DVD. The optical contrast at a wavelength of 650 nm is greater than 0.6, while that of a wavelength of 405 nm is greater than 0.5. Now, the dynamic tester can be used to assess the property of such series materials in 4-12X speed DVD and 2X HD-DVD.
Experiment on Optical Contrast
The modulation M for optical contrast of a disk can be defined as M ¼ ðI 14H À I 14L Þ=I 14H , where I 14H represents I 14 Land areas measured from DC zero to the peak of the I 14 Land, I 14L represents I 14 Land areas measured from DC zero to the bottom of the I 14 Land, 14T represents 14 data pit length, respectively. Besides, the M valve can also be obtained by
where R c and R a are the reflectance of the crystalline state (after disk initialization) and amorphous state (as deposited). The practicability of the recording media used in DVD for red light and blue-ray disk can be determined according to the M value obtained at the light wavelength of 405 nm and 650 nm, respectively. The optical contrast at a wavelength of 650 nm was measured for layers of ZnS-SiO 2 (65 nm)/GeN(5 nm)/PaseChange layer (14 nm)/ZnS-SiO 2 (14 nm)/Ag (150 nm), and that at a wavelength of 405 nm was measured for layers of ZnS-SiO 2 (35 nm)/GeN (5 nm)/Phase-Change (14 nm)/ZnSSiO 2 (14 nm)/Ag (150 nm). Figures 13-16 show reflectivity of the non-crystallized layer and the crystallized layer ZnSSiO 2 (35 nm)/GeN (5 nm)/Pase-Change (14 nm)/ZnS-SiO 2 (14 nm)/Ag (150 nm) after initialization. They also show that four samples (GSS01-GSS04) at wavelengths of 650 nm and 405 nm, and R c (GSS01) > R c (GSS02) > R c (GSS03) > 0.40. From these figures, we can observe that the spectral tendencies of GSS01-GSS03 are quite similar, but that of GSS04 is differwnt. As a result, the reflectance at 650 nm will decrease as the Sb/Sn ratio increase. Table 4 presents R a and R c at a wavelength of 405 nm and 650 nm and the degree of optical contrast on various recording materials, from which GSS01$GSS04 are found to satisfy the required specifications of the DVD or the blueray disk. However, the blue-ray disk is more satisfied when GSS03 is used at a wavelength of 405 nm, and the optical contrast degree is greater than 0.6.
Dynamic Test
The thermal stability and optical contrast of the phasechange recording target show that our samples of GSS01-GSS04 can be used in DVDs or blue-ray disks, but in actual writing or erasing, another important parameter-the rate of crystallization-must be considered. For a maximum rate of rotation (14 m/s) of their initialization machine, GSS01$ GSS04 must have a rate of crystallization that exceeds that of the fourfold-speed DVD-RW (total crystallization time is lower than 35 ns). A higher writing and erasing rate are believed to be attainable be using a blue-ray disk with a higher recording density on the growth-dominated recording material, but optimal writing and erasing must be coordinated with the suitable crystallization speed, film condition and method of write-in. When the rate of crystallization is too high, re-crystallization may cause poor writing. Therefore, the GSS01$GSS04 recording materials are used to plate and form an integral DVD-RW. A dynamic writing and erasing test is performed at high speed, and the writing and erasing properties on each recording material examined.
The DVD Forum has completed the 6X DVD-RW specifications. The 0.9 version of the specifications of the 8X DVD+RW has also been completed. DVD-RWs are being developed toward the target of 12X. Therefore, this study aims to develop the GSS01$GSS04 recording material to plate and produce the integral DVD-RW disk, and DDU1000 is used to perform a dynamic test on 6$12X; to measure CNR, ER, Jitter, I 14H , I 14L ; to modulate 14%: and to assess the feasibility of using various materials in high-speed DVD-RWs. Table 5 presents results of various recording materials in the 4$12X DVD dynamic test. The modulation (<0:5) is shown sample of GSS03-04's dynamic test at 4-12X velocity. On GSS01 and GSS02, they are poor in writing-in, these cannot form a large non-crystallized recording. In the 8X DVD dynamic test with GSS03 material, 14T CNR = 62.3 dB, ER ¼ 26 dB, Modulation = 0.61, Jitter = 8.9%, and with GSS04 material, 14T CNR = 49.22 dB, ER ¼ 28:9 dB, Modulation = 0.57, Jitter = 12.56%. The 8X DVD disk formed from GSS03 is used to write and erase 4$12X, with a high writing contrast ($0:6). When the erase ratio is greater than 25 dB, can be written, or can be used in the 4$12X DVD-RW disk. It will probably be used in the 1$3X blue-ray disk. For the GSS04, although the 6$8X Erase Ratio is greater than 6 dB, the writing is poor because of the low reflectivity rate and the 14T Jitter is greater than 12%. The aforementioned results together indicate that the film composition produced by GSS03 can be used as a phasechange medium in a high-speed disk (4$12X DVD-RW).
Conclusions
The GeSbSn series of recording layer materials used in this study have thermal properties (DSC) that lead to two exothermic peaks during heating, associated with a crystal phase, indicating that in these materials, two crystalline phases have different temperatures; the melting points of the GeSbSn series of recording layer materials are about 400 C. Reducing the Sb/Sn ratio may reduce the writing power of the high-speed disk, but increasing the Sb/Sn ratio increases its thermal stability and the activation energy of crystallization (Ea ¼ 1:85$4:79 eV).
Under a light source with a red-ray wavelength of 650 nm, GeSbSn recording layer materials satisfy the recording specifications of the disk; the reflectivity under red ray at a wavelength of 650 nm decreases as the Sb/Sn ratio increases. The rate of crystallization of the GeSbSn series of recording layer materials (GSS01$GSS04) exceeds the requirement for 4X-speed DVD. The optical contrast at a wavelength of 650 nm is greater than 0.6, and that than 0.5 at 405 nm. The dynamic test indicates that GSS03 (Ge 14 Sb 64 Sn 22 (at%)) is applicable to 4$12X speed DVD-RWs, or 1$3X speed blueray disks.
